14 N nuclear quadrupole hyperfine structures in the rotational spectra of acetamide, CH 3 CONH 2 , and a-fluoroacetamide, FCH 2 CONH 2 , have been resolved. From the observed patterns, the quadrupole coupling constants have been determined with high precision. The results provide evidence of considerable derealization of the nitrogen lone electron pair. For acetamide, the full coupling tensor has been determined from a combined analysis of the ground and first excited state of the methyl group internal rotation.
Introduction
Although amides are the simplest molecules containing the biologically important peptide bond (characterized by R-C( = 0)NR'R"; for amides, R' = R" = H), and are therefore of considerable interest, experimental data concerning the electronic situation in these molecules are relatively scarce. This is partly due to the fact that most amides are solids, making gas phase studies difficult, while in the solid state, the situation is complicated by strong intermolecular forces, mainly by hydrogen bonds.
We have now resolved the nitrogen nuclear quadrupole hyperfine structures in the rotational spectra of acetamide, CH 3 CONH 2 , and a-fluoroacetamide, FCH 2 CONH 2 , by means of microwave Fourier transform (MWFT) spectroscopy.
The rotational spectrum of acetamide has been assigned by Kojima et al. [1] , It is perturbed by the very low barrier to internal rotation of the methyl group, which gives rise to many lines of molecules in excited torsional states. In this work, we have confined ourselves to the ground and first excited state of the internal rotation.
The rotational spectra of a-fluoroacetamide and its N-deuterated isotopomers have been recorded by Marstokk et al. [2] . These authors have also reported 14 cases, all volatile side products were pumped off in vacuo after completion of the reaction. The spectra were recorded at room temperature and pressures of rather less than 1.5 mTorr = 0.2 Pa. We used our waveguide MWFT spectrometers in the frequency range 5 to 38 GHz [3] [4] [5] [6] [7] .
The ground state spectrum of acetamide consists mainly of b Q-branch transitions and several low-J b R-branch lines. We recorded transitions of both types, with J ranging up to 4, and found that all of these exhibited nuclear quadrupole hyperfine structures (Table 1) . The nearly free internal rotation of the methyl group modifies considerably the rigid rotor energy levels in excited states of the torsion and introduces nonvanishing expectation values of the angular 0932-0784 / 93 / 0700-0743 $ 01.30/0. -Please order a reprint rather than making your own copy. Table 1 . Observed frequencies of hyperfine structure components of rotational transitions of acetamide. m = 0 labels the ground state, m = ± 1 the first excited state of the internal rotation of the methyl group, t -K a -K c labels the asymmetric top levels. v 0 hyperfine free centre frequency (in MHz), 5v 0 observed-calculated centre frequency (in kHz), v observed frequency (in MHz), Av quadrupole offset (in MHz), 5Av observed-calculated offset (in kHz). Numbers in parentheses are single standard deviations in units of the last significant digits. The sign of 0 was defined to be positive; the sign of x ai) , and likewise the sign of (p, was then found to be negative in this case. Derived parameters. [8] , Therefore, the hyperfine patterns and even the selection rules are completely different in the first excited state of the internal rotation and allow the determination of the off-diagonal coupling constant i ab , including its sign. A compilation of the determined parameters is given in Table 2 . In the case of normal a-fluoroacetamide we concentrated on low-J transitions both of a-and btype to resolve their hyperfine structures, whereas in the case of the 15 N-isotopomer we mainly recorded higher-J, and higher-/C transitions in order to precisely determine the rotational and centrifugal distortion constants (Tables 3-5 ).
Analysis
Nuclear quadrupole hyperfine structures were analyzed using first order perturbation theory [9] (programmes HT1NQ [10] and MIRNQ [11]). We used quadrupole offsets referred to the hypothetical unsplit line frequencies rather than quadrupole splittings relative to arbitrary reference components. In all cases, the linear combinations of the coupling constants x± = Xbb ± Xcc were use d as fit parameters; for acetamide, inclusion of x ab was necessary to reproduce the observed patterns. In order to minimize overlap effects, line frequencies of multiplet components were determined by fitting to the time domain data [12] .
The hyperfine free centre frequencies were then subjected to a fit of rotational constants and three torsional parameters (acetamide; programme VC3IAM [13]) or rotational and quartic centrifugal distortion constants (a-fluoroacetamide; programme ZFAP4 [14]), respectively. In the centrifugal distortion fits, Watson's A-reduction [15] was used. 
Results
Our results for the torsional parameters of acetamide are very similar to those of Kojima et al. [1] ; our value for the potential barrier is slightly higher, and the moment of inertia slightly smaller than their value. We used only those transitions which we have remeasured and are therefore unambiguously assignable from their hyperfine patterns. Nevertheless, the standard deviation of a simultaneous fit of the centre frequencies of both torsional states was 1.1 MHz, which would be unacceptable for a semirigid rotor spectrum. Indeed, a tentative pseudo-centrifugal distortion fit of the ground state lines alone gave a much lower residual standard deviation, but rather meaningless parameters. Obviously, model deficiencies, inherent to the treatment of the almost unhindered internal rotation, limit the analysis. On the other hand, the fit of the coupling constants to the quadrupole offsets had a standard deviation of only 2.4 kHz, which is about the present precision limit of our waveguide spectrometers (particularly those operating at higher frequencies).
The rotational constants of a-fluoroacetamide-[
15 N]
and those of the singly deuterated species from [2] Table 6 . Substitution coordinates of the nitrogen atom (label N) and the amino protons (labels H c = eis and H, = trans with respect to the oxygen atom), and plausible structure of fluoroacetamide. Proton coordinates were evaluated with data from [2] , T^cp is the dihedral angle between the C = 0 and C-F bonds. These bond lengths were taken from [2] .
were used to calculate substitution coordinates using Kraitchman's equations [16] . We then tried to obtain bond angles which reproduce both these coordinates and the rotational constants of the parent isotopomer. In this calculation, the plausible bond lengths of [2] were used unchanged. The results are presented in Table 6 .
The interpretation of the quadrupole coupling constants follows the procedure outlined for pyridine-Noxide and picoline-N-oxide [17] . Because none of the molecules investigated in the present study possesses a C 2v symmetry axis, we had to make the same additional assumption of local C 2v symmetry at the nitrogen atom. In both acetamide and a-fluoroacetamide, one of the principal coupling tensor axes (defined as the y-axis) is necessarily perpendicular to the symmetry plane of the molecule. We assumed that in a-fluoroacetamide the second principal axis (z) bisects the HNH-angle. In the case of acetamide, we obtained the orientation of the coupling tensor from the simultaneous analysis of the ground and first excited torsional state hyperfine patterns. Introducing the angle cp between the principal inertial and assumed princi- The definition of the bonding orbitals is the same as in [17] ; instead of i 0 and i c , we now use and i 2 and assume equivalence of the iJ/ 2 , 3 -orbitals. The relations between the coupling constants and the orbital occupation numbers are then (.X xx + Xj/eQq 2l0 = ij3 + 2i 2 /3 -i n ,
(Xxx~Xzz)/eQq 2 io=h~h-(3 b)
Since there are still three unknown quantities and only two experimental parameters, one further assumption has to be made. We assume the ionicity of the nitrogen-carbon bond to be 19% from the results for pyridine [18] . With the data for % xx and / zz and Kasten's value for eQq 210 [19] , the results for the s are 65% for acetamide, and 62% for a-fluoroacetamide (where a charge correction on eQq 2l0 of 6% has been introduced). The quantity i 1 -i 2 is small in both cases, 2.4% and 4.4%, respectively. The relatively low value of i n found for a-fluoroacetamide, which corresponds to a relatively high amount of nelectron derealization, can probably best be explained by the formation of an in-plane hydrogen bond to the fluorine atom. Such a bond would increase the in-plane electron density around the nitrogen nucleus and therefore support 7t-electron derealization.
